Albumin, the most abundant plasma protein in mammals, is a versatile and easily obtainable biomaterial. It is pH and temperature responsive, dissolvable in high concentrations and gels readily in defined conditions. This versatility, together with its inexpensiveness and biocompatibility, makes albumin an attractive biomaterial for biomedical research and therapeutics. So far, clinical research in albumin has centered mainly on its use as a carrier molecule or nanoparticle to improve drug pharmacokinetics and delivery to target sites. In contrast, research in albumin-based hydrogels is less established albeit growing in interest over recent years. In this minireview, we report current literature and critically discuss the synthesis, mechanical properties, biological effects and uses, biodegradability and cost of albumin hydrogels as a xeno-free, customizable, and transplantable construct for tissue engineering and regenerative medicine.
For this review, the adopted definition of a hydrogel is a two-or multicomponent system, consisting of a 3D network of polymeric chains, where water occupies the spaces between those polymeric chains (Ahmed, 2015) . Articles reporting hydrogels formed by other polymers but functionalized with albumin have been excluded in this review. A brief overview of the properties of albumin-based hydrogels is provided in Table 1. 2 | SYNTHESIS OF ALBUMIN HYDROGELS 2.1 | pH-induced albumin hydrogels Albumin exists either as monomers or oligomers depending on its environment (Barone et al., 1995; Molodenskiy et al., 2017) . By manipulating pH, albumin in solution polymerizes and forms a clear hydrogel. Baler, Michael, Szleifer, and Ameer (2014) reported that by lowering the solution pH to 3.5 followed by 37°C incubation, bovine serum albumin (BSA) changes structure from the "N-form" to the "F-form" isomer, which then self-assembles into a hydrogel network by hydrophobic interactions and counter ion binding ( Figure 1 ).
Crucially, neutralization of the acid-induced hydrogels by leaching in Dulbecco's modified Eagle medium (DMEM) was required before acellular hydrogels could be transplanted into murine models. This implies it is not feasible to encapsulate pH-sensitive cells in the bulk of the gel using this method of gelation. However, it does not preclude acid-induced albumin hydrogels from being functionalized and used as a scaffold after pH neutralization is achieved. Also noteworthy is that BSA is only 76% similar in amino acid sequence compared to human serum albumin (HSA; Carter & Ho, 1994 ; X. M. He & Carter, 1992) ; therefore, gelation behavior and properties of HSA hydrogels may differ even if gelation methods and conditions are standardized.
Recently, both pH and temperature-dependent gelation behavior in BSA and HSA have been extensively studied by Arabi et al. (2018) . This led to the physical characterization of both BSA and HSA hydrogels through several phase diagrams ( Figure 2) . Interestingly, the authors established that gelation of BSA and HSA can occur over a wide pH range and temperatures (pH 1.0-4.3 and pH > 10.6 at 37°C or pH 7.0-7.2 at 50-65°C). However, the gelling mechanism of BSA and HSA or the biocompatibility of alkali-induced albumin hydrogels were not investigated. It is highly likely molecular and structural differences in albumin isomers exist across the different gelling conditions, and this will, in turn, affect the properties of the albumin hydrogel such as available binding sites. Further research in this area can help in the conjugation or functionalization of albumin hydrogels with target proteins in the future.
In contrast to acidic pH, albumin transitions from the N-form isomer to the B-form (basic form) around pH 8 then to the A-form (aged form) around pH 10 and above (Amiri, Jankeje, & Albani, 2010; Chen et al., 2019; Leggio, Galantini, & Pavel, 2008) . The A-form isomers then form aggregates and the exact mechanism of gelation remains poorly understood (Chen et al., 2019) . Recently, Chen et al. (2019) reported that alkali-induced BSA hydrogels formed at pH 12 and 37°C incubation were mechanically stable, and exhibited selfhealing and autofluorescence properties. However, similar to acidinduced albumin hydrogels, alkali-induced hydrogels required neutralization with DMEM to pH 7.4. Biocompatibility of the neutralized hydrogel was subsequently demonstrated by cell culture of human lung carcinoma cells (A549 cell line) over a 48-hr period. Unfortunately, no quantitative data on cell experiments were provided and the long term (weeks to months) in vivo stability of these alkaliinduced hydrogels remains unknown.
| Thermally induced albumin hydrogels
Heat-induced gelation is a more commonly reported method to obtain stable albumin hydrogels Arabi et al., 2018; Baler et al., 2014; Nandlall et al., 2010; Peng et al., 2016) .
However, one important consideration is that applying high heat will cause the denaturation of albumin as its structure starts to unfold at temperatures above 65°C (Borzova et al., 2016) . The higher the temperature above 65°C, the greater the degree of unfolding and aggregation. This denaturation temperature of albumin can also be lowered by changes in pH and the addition of ions or redox reagents, for example, magnesium (Haque & Aryana, 2002) and urea (González-Jiménez & Cortijo, 2002) , respectively. Another important consideration is that with the denaturation and aggregation of albumin, its binding sites for ions, drugs, and proteins can change, together with other physical properties of the albumin hydrogels such as turbidity.
pH-neutral, thermally induced albumin hydrogels increase in turbidity as temperature, albumin concentration, and ionic content increase due to extensive denaturation of albumin molecules Murata, Tani, Higasa, Kitabatake, & Doi, 1993) . This is in stark contrast to pH-induced albumin hydrogels which still have a clear to translucent appearance at higher albumin concentrations when incubated at room temperature to 37°C, even though denaturation still occurs. Baler et al. (2014) have demonstrated that thermally induced BSA hydrogels have larger pore sizes, a higher Young's modulus and lower degradability compared to pHinduced BSA hydrogels, however, these properties vary with albumin concentration and more extensive characterization over a wider range of gelation conditions is needed, particularly in HSA. The tunable characteristics of thermally induced albumin hydrogels indeed make it seem appealing, but opaque or turbid hydrogels have limited usefulness in biological studies as it precludes normal brightfield microscopy. However, this may be overcome by the addition of sodium chloride. To reduce the turbidity of thermally induced albumin hydrogel, Murata et al. (1993) reported that the addition of sodium chloride into BSA solution resulted in transparent gels within a specific concentration range. Studies to determine if this effect is reproducible in HSA are still pending.
Interestingly, apart from applying high heat, it has been recently demonstrated that albumin hydrogels could be formed by saltinduced cold gelation (Ribeiro et al., 2016) . With the addition of calcium chloride and DL-dithiothreitol to a BSA/HSA mix and heating at 60°C for 30 min, followed by cooling and freezing at −20°C for 2 days, an albumin hydrogel can be obtained. The resulting hydrogel was freeze-dried to create a porous scaffold which was later shown to be biocompatible.
In summary, current methods to derive pH-induced or thermally induced hydrogels have shown that the (a) albumin concentration, 
| Chemically crosslinked albumin hydrogels
Chemical crosslinking is the most reported method to derive albumin hydrogels ( In vivo once hydrolyzed, PEG chains are cleared mainly through the kidneys, and to a lesser extent, the liver and gut (Baumann et al., 2019) . This can be taken advantage of to suit the rate of biodegradability desired. Apart from functionalization with NHS groups, PEG can also be functionalized with maleimide (PEG-MAL) or This can be circumvented by creating a porous scaffold through sacrificial molding then seeding cells within it (Shirahama et al., 2016) .
Other less-commonly used agents to crosslink albumin include glutaraldehyde (Gallego, Junquera, Meana, Álvarez-Viejo, et al., 2010; Gallego, Junquera, Meana, García, et al., 2010; Ma et al., 2016; Upadhyay & Rao, 2019; Zhao et al., 2019) , glutathione (Bai et al., 2019; Raja et al., 2015) , dithiothreitol (Hirose et al., 2010) , transglutaminase (Li et al., 2014) , polyaminourethane (Manokruang & Lee, 2013) , oxidized dextran (Lisman et al., 2014) , and N,Nmethylenebisacrylamide (Abbate et al., 2012) .
With PEG being the most common polymer used in the crosslinking of albumin, perhaps the greatest concern in the clinical application of PEG-albumin hydrogels is immunogenicity. Although it is well established that albumin itself is poorly immunogenic, there is growing evidence that PEG is not bioinert. Clinical trials involving PEGylated drugs have demonstrated that the occurrence of PEGspecific immunoglobulin M (IgM) and IgG antibodies in patients is not infrequent and it can result in reduced drug efficacy, mild to moderate immune reactions, and adverse outcomes (Zhang, Sun, Liu, & Jiang, 2016) . This considered other methods of albumin gelation and conjugation should be explored.
| MECHANICAL PROPERTIES
Uniaxial compression and tension, and indentation have been employed to measure Young's modulus of albumin hydrogels Baler et al., 2014; Fleischer et al., 2014) .
The main concern when testing compliant materials such as hydrogels is separating inelastic (time-dependent) and elastic characteristics as Young's modulus should be independent of time.
In this context, the load and displacement measuring systems and the inertia of the testing setup are important. Often hydrogels require a customized setup suitable for low load testing rather than conventional mechanical testing set-ups. Nanoindenters and microindenters, between 35% and 100% for 3-9 wt% BSA hydrogels. The stressstrain curves suggest that increasing BSA concentration does not have a strong effect on the measured fracture strengths, which are a few kPa, whereas failure strains tend to decrease markedly reducing the toughness of the hydrogels.
| BIOLOGICAL EFFECTS AND USES
Albumin is confined mainly to the vascular and interstitial space within the human body. It binds to nine different cell surface receptors and is relatively inert to many cell types (Merlot, Kalinowski, & Richardson, 2014) . Here the significance of vimentin positivity is unclear. Vimentin inhibits osteoblastic differentiation, but the deposition of bone matrix by mature osteoblasts was reported. It is also important to note that the albumin-rich scaffolds were derived from human serum, which may contain other proteins and growth factors that were not removed by the gelation and drying process. Therefore, it is not possible to attribute any biological effects observed in this study solely to albumin although there is evidence in the literature that albumin itself encourages osteoblast proliferation (Ishida & Yamaguchi, 2004) .
Apart from bone-forming cells (osteoblasts), chondrocytes derived from human articular cartilage were able to proliferate in a PEGylated albumin hydrogel supplemented with hyaluronic acid (Scholz et al., 2010) . It was reported that cells cultured within this hydrogel had a characteristic gene signature for aggrecan, collagen type I and type II.
Unfortunately, with the presence of three polymers in the hydrogel, it is not discernible what the actual effects of albumin are. Nonetheless, it serves its function as a biocompatible scaffold.
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Interestingly, Li et al. (2014) reported that freeze-drying an albumin gel crosslinked with transglutaminase produced a scaffold with physical and mechanical properties similar to collagen scaffolds.
More significantly, the authors were able to successfully differentiate human mesenchymal stem cells (MSCs) seeded in these scaffolds into osteoblasts, demonstrating the potential of such a scaffold for bone tissue engineering and regenerative medicine. However, one important limitation is that these scaffolds were made with BSA and further research is needed to determine if this is reproducible with HSA hydrogels for future clinical applications. Apart from human MSCs, human skin fibroblasts (BJ-5ta; Ribeiro et al., 2016) and mouse adipose fibroblasts (L929; Hirose et al., 2010; Lisman et al., 2014) have also been cultured successfully on albumin hydrogels but these were used only in the context of cytotoxicity testing.
| Skin regeneration and wound healing

| Lung & breast
Cell survival studies have been performed successfully with lung cancer cell lines A549 (Bodenberger, Kubiczek, & Rosenau, 2017; Chen et al., 2016; Ma et al., 2016) , and breast cancer cell lines MCF-7 (Bodenberger et al., 2017) and ZR75-1 (Nandlall et al., 2010) .
However, the use of albumin hydrogels in lung and breast tissue engineering as well as regenerative medicine is limited. by leaching with neutral pH media was not performed and the effect of the albumin hydrogel acidity (pH 2) on NVRM is not known. Fleischer et al. (2014) created an electrospun scaffold from albumin hydrogels crosslinked by trifluoroethanol (TFE) and β-mercaptoethanol (BME). Interestingly, the authors reported that NVRM proliferated, selforganized, and formed cardiac tissue in these albumin scaffolds when functionalized with laminin. Furthermore, indices of cardiac function;
| Heart
the rate of contractility and amplitude, were significantly enhanced compared to scaffolds made from polycaprolactone (PCL). However, it is important to note that the laminin was applied by coating the albumin scaffolds with fetal bovine serum (FBS) instead of pure laminin alone.
This suggests other soluble proteins and growth factors in FBS could also be present on the fibers and not just serum laminin alone. Also, the control group with PCL scaffolds were coated with fibronectin instead of FBS so a fair comparison cannot be made.
| Liver
There is limited research on albumin hydrogels in liver tissue 
| Nerves
Albumin scaffolds promoting the proliferation, differentiation, and branching of human iPSC-derived neural stem cells (hiPSC-NSC) was reported by Hsu, Serio, Amdursky, Besnard, & Stevens (2018) . An electrospun scaffold was created from albumin hydrogels crosslinked by TFE and BME, then coated with hemin, laminin and basic fibroblast growth factor. hiPSC-NSCs seeded on uncoated albumin scaffolds were observed to have significantly high death rates. Oddly, the cell death rates on both coated and uncoated albumin scaffolds were similar. In contrast, cell death rates on uncoated glass (negative control) were significantly lower. More Ki67-positive cells were also observed on uncoated glass than on coated scaffolds although there were more β3-tubulin-positive cells in coated scaffolds. Neurite branching was only observed to be more significant than the negative controls when an electrical stimulus was applied. Given the mixed results, further investigation is needed in this area.
| Drug delivery
The role of albumin molecules in drug delivery is well established, however research in albumin hydrogels for controlled drug release and delivery is still growing. Kim et al. (2015) utilized a PEG-HSA hydrogel loaded with an apoptotic TRAIL protein to successfully induce cancer cell death and reduce tumor size in a murine model injected with a pancreatic cancer cell line (Mia Paca-2). Successful controlled drug release was also demonstrated using a composite hydrogel (Dextran-HSA-PEG) loaded with anticancer drug doxorubicin to eliminate breast cancer cells (MCF-7) in vitro (Noteborn et al., 2017) . More recently, Zhao et al. (2019) demonstrated the ability of albumin hydrogels to selectively deliver metal ions to liver cancer cells (HepG2) for anticancer therapy or imaging.
| BIODEGRADABILITY
The biodegradability of albumin hydrogels depends on the way the albumin hydrogel is synthesized. Baler et al. (2014) effects. An HSA-SH/PEG-MAL hydrogel was reduced to 28% of its initial weight after 21 days in an immunodeficient mouse model ( Figure 4 ; Kim et al., 2015) . Interestingly, only one study to date has created albumin hydrogels derived from species-specific serum for in vivo experimentation. Feldman and McCauley (2018) created an albumin-(PEGSG 2 )-TGFβ 3, hydrogel scaffold from rabbit albumin and transplanted these into immunocompetent rabbits. The degradation time was reported to be 2 weeks with no immunogenic complications observed. In contrast to the above, hydrogels created from the conjugation of BSA with PEG-derived poly-amino-urethane showed poor degradability after 3 weeks in immunocompetent rats (Manokruang & Lee, 2013) . Unfortunately, local effects in the surrounding skin were not assessed.
| COST
Animal-derived albumin is inexpensive; however, all hydrogels should ideally be xeno-free for clinical utility. Human albumin is considerably more expensive than animal-derived albumin but relatively cheaper compared to other substrates used in regenerative medicine. For example, Matrigel costs approximately £1,933.33/g (Sigma-Aldrich) and rat tail collagen-1 costs £4,810.00/g (Sigma-Aldrich); whereas human albumin costs £20.30/g (Sigma-Aldrich). Other preparations of albumin such as 20% human albumin solution may be procured at cheaper and larger volumes, for example, 20 g for £54 (Octapharma Ltd).
Apart from albumin, additional costs may also be incurred by the reagents used to induce gelation of albumin and chemically crosslink target proteins. For example, hydrogel synthesized by glutaraldehyde (£ 3.60/ml for 70% glutaraldehyde, Sigma-Aldrich)
is considerably cheaper compared to functionalized PEG (£ 108.12/g for 4-arm 10 K PEG-SG; Creative PEGWorks). However as discussed above, albumin hydrogels crosslinked by glutaraldehyde or glutathione have a propensity to be immunogenic. As cell attachment to N-form albumin is generally poor and conjugation of target proteins with PEG costly and laborious, better methods of functionalizing HSA hydrogels are needed.
| CONCLUSION
There is a broad scope for further exploitation of albumin hydrogels in regenerative medicine. In the study of the lung, the creation of macroporous albumin scaffolds from hydrogels could be useful in engineering of lung parenchyma. Pore size and thickness could be tuned to recapitulate the alveolar space onto which lung stem cells and auxiliary cell types could be seeded.
This offers an alternative to decellularized animal scaffolds and lung organoid biology could be studied in xeno-free conditions. In regenerative cardiology, the growth of contractile heart organoids on HSA has not yet been demonstrated but remains an attractive area of research to pursue. Xeno-free, injectable HSA hydrogels could then be a viable method of delivering cardiac stem cells or cardiomyocytes directly into injured myocardium. In regenerative hepatology, a similar approach to a cell or tissue delivery could be adopted to transplant hepatic stem cells, hepatocytes, or organoids in liver failure. However, albumin, an important marker of synthetic liver function, is released by the degradation of HSA hydrogels which may make albumin ELISAs (enzyme-linked immunosorbent assays) difficult to interpret, particularly in animal models. In regenerative neurology, studies to determine if HSA hydrogels enhance proliferation, differentiation, and branching of hiPSC-NSC are needed as these were previously reported in BSA.
In summary, apart from drug delivery, albumin hydrogels hold great potential as a biomaterial for 3D cell culture, platform for cell delivery and scaffold for tissue transplantation. The inertness, poor immunogenicity, biodegradability, cost, and possibility to derive patient-specific albumin make albumin hydrogels useful in regenerative medicine and tissue engineering. However, these have not been fully exploited and better methods of synthesizing and functionalizing albumin hydrogels are needed.
F I G U R E 4 Cross-sections of epidermal tissue at the site of transplantation of HSA-PEG hydrogels demonstrated no evidence of inflammation or apoptosis TUNEL negative. H&E, hematoxylin and eosin; HSA-PEG, human serum albumunr-poly(ethylene glycol); MAL, maleimide; NHS, N-hydroxysuccinimide; TUNEL, terminal deoxynucleotidyl transferase dUTP Nick-End Labeling, an assay for apoptosis). Image reproduced with permission from Kim et al. (2015) 
